Introduction
Our scaled Plane-Wave Born (PWB) cross sections for dipole-and spin-allowed excitation from the ground state of neutral hydrogen, helium, and lithium were presented in a recent paper in this journal [1] . In this paper, we use the same scaling methods to calculate excitation cross sections for neutral sodium and potassium from their ground states (3s 2 S for sodium and 4s 2 S for potassium) to the np 2 P excited levels. The values of n are from n = 3 to 11 for sodium and n = 4 to 12 for potassium. Throughout the remainder of this paper we use the shorter notation of ns and np for these 2 S and 2 P levels.
The scaling method, developed by one of us [2] , is applicable to allowed transitions (spin-allowed and dipole-allowed) of neutral atoms. The method uses two simple scaling formulas to convert PWB excitation cross sections into reliable cross sections comparable to the most accurate theoretical or experimental data available for dipole-allowed transitions. The PWB cross sections are calculated from uncorrelated wave functions, and the scaling requires only the binding energy B of the bound electron that is excited, the excitation energy E, and an accurate dipole oscillator strength f for the transition. Simplicity of the method to scale PWB cross sections allows the user to generate a large number of cross sections reliably and quickly. This is particularly useful for modeling of low temper-Cross sections for electron impact excitation of atoms are important for modeling of low temperature plasmas and gases. While there are many experimental and theoretical results for excitation to the first excited states, little information is available for excitation to higher states. We present here calculations of excitations from the ground state to the np levels of sodium (n = 3 through 11) and potassium (n = 4 through 12). We also present a calculation for a transition from the excited sodium level 3p to 3d to show the generality of the method. Scaling formulas developed earlier by Kim [Phys. Rev. A 64, 032713 (2001)] for plane-wave Born cross sections are used. These formulas have been shown to be remarkably accurate yet simple to use. We have used a core polarization potential in a Dirac-Fock wave function code to calculate target atom wave functions and a matching form of the dipole transition operator to calculate oscillator strengths and Born cross sections. The scaled Born results here for excitation to the first excited levels are in very good agreement with experimental and other theoretical data, and the results for excitation to the next few levels are in satisfactory agreement with the limited data available. The present results for excitation to the higher levels are believed to be the only data available. ature plasmas and hot gases, where a large number of excitation cross sections is usually required.
Polarization of the core electrons by the valence electron is important in alkali metal atoms. We treat the long-range effect of core polarization by including a polarization potential explicitly in our calculation of the wave functions of the target atom and we add a term to the dipole-moment operator when calculating the oscillator strength of the transition. The core polarization effect is not very noticeable for sodium but is large for potassium.
Outline of Theory
The scaling methods for spin-allowed and dipoleallowed transitions are described in earlier papers [1, 2] . The first scaling method, the BE scaling, replaces the incident electron energy T in the denominator of the PWB cross section by T + B + E, i.e., (1) This scaling is similar to a scaling for ionization cross sections used earlier by Burgess [3] , who shifted the incident energy T by B + U, where U is the kinetic energy of the target electron. However, in the BE scaling adopted by Kim [2] for excitation cross sections, T is shifted by B + E. The BE scaling not only changes the magnitude but also the shape of the original PWB cross sections. The BE scaling corrects the deficiency in the collision theory; i.e., the use of the PWB approximation.
The second scaling formula, the f scaling, multiplies the entire cross section by the ratio of an accurate f value to the less accurate f value calculated by the actual wave functions used to generate the unscaled PWB cross sections: (2) where f sc is the single configuration (or uncorrelated) f value and f accu is the more accurate value obtained from correlated (or multiconfiguration) wave functions or from a reliable experiment. Accurate f values are frequently available [4] .
The f scaling compensates for the inadequacy of the wave functions when electron correlation is significant. In principle, the f scaling should compensate for the rather large core polarization effect in the alkali metal atoms. Because the f scaling is such a large correction for potassium, however, we chose to include core polarization explicitly in calculating the PWB cross sections that are our starting values. We use only single configuration wave functions and apply f scaling. With core polarization, the calculated f values are closer to accurate experimental values but the f scaling still gives a noticeable correction.
The BE and f scaling may be applied consecutively, i.e., (3) where σ BE is the BE-scaled PWB cross section calculated from single-configuration wave functions.
Kim has shown many examples [2] in which the BE scaling alone or in combination with the f scaling transformed PWB cross sections for dipole-allowed and spin-allowed excitations into reliable cross sections comparable to the convergent close coupling (CCC) method [5] or accurate experiments.
Resonances in the electron-impact excitation cross sections of atoms in the vicinity of the excitation thresholds cannot be accounted for by first-order perturbation theories such as the PWB approximation. Hence the present scaled cross sections do not exhibit any resonances.
Polarization of the core electrons by valence electrons affects the potential in which the valence electrons move. This is especially important in alkali metals where the one valence electron is particularly sensitive to any core changes. The polarization can be represented by a classical model and was first used in quantum mechanical calculations by Biermann [6] , although the origin of the core-polarization picture can be traced back even to the semiclassical study of the helium atom by Heisenberg [7] in 1926.
The most complete quantum approach to the corepolarization effect was presented by Böttcher and Dalgarno [8] . Their theory, which is based on a perturbation approach, leads to asymptotic forms of the core polarization potential V p and corrected dipole transition moment d eff which are in agreement with the classical formulas.
Neither classical nor quantum mechanical approaches provide the form of the core-polarization corrections for the small or intermediate r region. Moreover, the asymptotic form for large r diverges for r → 0. Therefore, there is a need to introduce an arbitrary cutoff function to remove this divergence at r = 0.
Migdalek and Baylis [9] proposed to introduce a cutoff function directly into the expression for the effective field E v produced by a valence electron at the core, (5) where α d is the static dipole polarizability of the core and r c is the cutoff radius. Equation (5) can also be used to correct the r in the operator exp(iK · r) of the matrix element for the generalized oscillator strength. In other words, the correction for the dipole transition operator can also be used to introduce the correction for the core polarization in plane-wave Born cross sections.
The core-polarization potential V p , Eq. (4), as well as the matching form of the dipole transition operator, Eq. (5), were introduced into a Dirac-Fock wave function code to account for the core-polarization effect in wave functions and the dipole transition operator. The polarizabilities used were α d = 0.9457 for Na and 5.457
for K, where a 0 is the Bohr radius (0.529 Å). The cutoff radii were r c = 0.7967 a 0 and 1.433 a 0 , respectively.
Results
We present the calculated cross sections for sodium and potassium in Tables 1 and 2 . Our PWB cross sections were generated from single configuration DiracFock wave functions. The calculated cross sections are compared to other theories and experiments in Figs. 1-7.
The numerical data in Tables 1 and 2 can be extended to higher incident energies by using the well known Bethe formula [10] for the plane-wave Born approximation for fast (but nonrelativistic) incident electrons. In our notation, the asymptotic expression becomes: (6) where a, b, and c in the square brackets are dimensionless constants, T is the incident electron energy, and R is the Rydberg energy (13.61 eV). Equation (6) should be used for T > 3 keV. The values of a, b, and c are included in Tables 1 and 2 . Note that a relativistic form of the Bethe formula [11] should be used for T > 10 keV. Also, B + E can be omitted in the denominator at this high range of T.
The results for excitation of the first resonance line of sodium is shown in Fig. 1 . BEf-scaled results agree well with the accurate CCC calculations of Bray [12] and the careful experimental values of Phelps and Lin [13] . Phelps and Lin corrected their optical excitation data for cascading from higher levels using calculated transition probabilities that are in good agreement with experimental values. At low energies, just above the threshold for excitation, our results are in very good agreement with the optical excitation measurements of Enemark and Gallagher [14] and with the close coupling calculations of Moores and Norcross [15] .
The situation is nearly as good for excitation of the first resonance line of potassium, shown in Fig. 2 . In this case, we agree with the close coupling optical (CCO) calculations of Bray et al. [16] and the experimental measurements of Phelps et al. [17] above about 30 eV, but we are high in the region of the peak cross section by about 30 %. The unitarized distorted wave Born calculations of Mitroy [18] above 54 eV are also shown, and agree with the other values. We are in very good agreement with the measurements of Chen and Gallagher [19] in the threshold region.
The lowest excitations of Na and K have very large cross sections compared to higher excitations, reflecting the fact that the f values for the former excitations are almost unity, leaving very little for the higher excitations.
Excitation to the next resonance levels of sodium and potassium are shown in Figs. 3 and 4. In these cases, our BEf-scaled results differ significantly in the peak region from the optical excitation results [13, 17] and the CCC [12] and the CCO [16] calculations respectively. Our Na calculation, however, agrees well with the threshold measurements of Marinkovic, Wang, and Gallagher [20] . Results for excitation to higher resonance levels are given in Tables 1 and 2 .
While not the purpose of this paper but as an additional verification of the validity of the calculational technique, we have compared the BEf-scaled calculation with experimental data for excitation from the 3p excited level of Na to the 3d level. The results are shown in Fig 5. This figure also shows the unscaled plane-wave Born (PWB) result so that the magnitude of our scaling is evident. Agreement is good with the measurements of Stumpf and Gallagher [21] and the close coupling results of Moores et al. [22] . Stumpf and Gallagher actually measured from laser excited 3 2 P 1/2 levels. The measurements were corrected for cascading and polarization of the emitted fluorescence using Born 1 . Sodium 3s-3p electron-impact excitation cross sections. The solid curve is our scaled plane-wave Born (PWB) result, the solid circles are accurate theoretical results from the convergent close coupling (CCC) method of Bray [12] , the diamonds are theoretical results from the close coupling calculation of Moores and Norcross [15] , the open circles are experimental results of Phelps and Lin [13] that include corrections for cascading from the upper levels, and the triangles are experimental results of Enemark and Gallagher [14] that are also corrected for cascading. The crosses are experimental results of Marinkovic et al. [29] . Fig. 2 . Potassium 4s-4p electron-impact excitation cross sections. The solid curve is our scaled plane-wave Born (PWB) result, the solid circles are theoretical results from the coupled-channel optical (CCO) method of Bray et al. [16] , the open circles are experimental results of Phelps et al. [17] that include corrections for cascading from the upper levels, and the grey triangles are experimental results of Chen and Gallagher [19] that do not correct for cascading. The solid triangles are theoretical calculations of Mitroy [18] using a unitarized form of the distorted wave Born approximation. (2), raises the cross section back up by about 10 %. Experimental measurements of Phelps and Lin [13] and calculated couple-channel optical results of Bray et al. [16] are also shown.
approximation results and normalized at high energies to the Born approximation value. The Born approximation is not valid at energies below about 300 eV but was used nevertheless for the corrections. They used the Born-Ochkur approximation for the polarization factor. The 3 2 P 1/2 measurements were converted to 3p to 3d excitation by use of Born approximation results. Figure 6 shows the effect of our scaling formulas on the Born cross section. The figure is for potassium 4s-6p excitation where core polarization is a large effect. The BE-scaling, Eq. (1), makes the largest correction to the Born cross section, decreasing it by a factor of more than 2 in the peak region. Adding the f-scaling, Eq. (2), then raises the cross section by about 10 %. Figure 7 shows the effect of the core polarization on the potassium 4s-6p excitation. The cross section with polarization is larger by about a factor of 2 in the peak region.
The effect of core polarization (cp) on the f values is small for sodium but large for potassium. This is evident in Figs. 8 and 9 where we have plotted f · (n*) 3 versus 1/(n*) 2 , where n* is the effective principal quantum number for the upper state. The change in f · (n*) 3 for potassium (Fig. 9) is much larger than for sodium (Fig. 8) . Quantum defect theory predicts that f · (n*) 3 should extrapolate at high n* to a constant value at the ionization threshold and connect smoothly to a value determined from the photoionization cross section. Extrapolation of the experimental values of f · (n*) 3 to the ionization threshold (n → ∞) gives f · (n*) 3 We have used the accurate calculated f values of Siegel et al. [23] for the f scaling of Na, and values from the similar calculation of Migdalek and Kim [24] for the f scaling of K. These results differ by a negligible amount from experimental f values shown in Figs. 8 and 9. We have used these calculated values, rather than the experimental values, because they are available for the fine structure components, while the best experimental values generally do not distinguish the components. For Na, the experimental f values shown in Fig.  6 are the measurements of Filippov and Prokoviev [25] for n = 3 to n = 8, normalized to the 3s-3p measurement of Volz et al. [26] . For n = 9 to 24, the Na values are from recent measurements of Nawaz et al. [27] . For potassium, the experimental f values shown in Fig. 7 are from Shabanova and Khlyustalov [28] for n = 4 to 14, and Nawaz et al. [27] for higher n. The cross sections for excitation to the higher np levels are converging to values that scale as (n*) 3 . A good estimate for cross sections to higher levels than presented here is to scale the cross sections for n = 11 of Tables  1 and n = 12 of Table 2 by the ratio of the n* values raised to the third power.
Accurate wave functions are particularly necessary when the f values are very small, as is the case when the Cooper minimum is near (below or above) the ionization threshold. The Cooper minimum occurs at an energy where the dipole matrix element goes to zero because positive and negative contributions arising from overlap of the lower and upper state wave functions cancel each other. The Cooper minimum is particularly evident for alkali atoms because of core polarization. The minimum appears closer to the ionization limit in K than in Na because of the latter's larger core polarization.
